1. Introduction
===============

Accurate measurement of a pulmonary nodule is important both for evaluating treatment response in oncology patients and determining further management for an incidentally detected nodule. Measurement of maximum or 2 maximum orthogonal diameters has been conventionally used as it is easy and quick to obtain. However, 2-dimensional (2D) measurement of pulmonary nodules is limited in its ability to evaluate nodule growth and demonstrates poor inter- and intraobserver agreement.^\[[@R1],[@R2]\]^

Volumetric measurement of a pulmonary nodule has been reported to be more accurate and reproducible than 2D measurement.^\[[@R3],[@R4]\]^ Furthermore, it provides higher sensitivity for detection of nodule growth than 2D measurement because volumetric measurement considers 3D nodule growth.^\[[@R5]\]^ The recent British Thoracic Society and Fleischner society guidelines highlight the importance of volumetric measurement for assessment of lung nodules.^\[[@R6],[@R7]\]^ Previous research has identified several factors that account for variability of volumetric measurement, including nodule characteristics (size, density, and location), technical parameters (software, slice thickness, radiation dose, and reconstruction algorithm), and observer variability.^\[[@R2],[@R8]--[@R11]\]^

Adaptive statistical iterative reconstruction (ASIR) (GE Healthcare, Waukesha, WI) is a widely used iterative reconstruction (IR) algorithm. A combination of filtered back projection (FBP) and 20% to 40% ASIR is usually used because use of ASIR at high strength has been found to be associated with artificial texture and reduced sharpness.^\[[@R12],[@R13]\]^ Model-based iterative reconstruction (MBIR; Veo; GE Healthcare, Waukesha, WI) offers better image quality than FBP and ASIR as a fully IR, but it cannot be usually used in routine practice because of high computational requirements and long reconstruction times.^\[[@R14]\]^ Most recently, a novel algorithm---adaptive statistical iterative reconstruction-V (ASIR-V) (GE Healthcare, Waukesha, WI)---was introduced. This is a hybrid technique algorithm that considers more advanced system noise statistics, object modeling, and added physics modeling.^\[[@R15]\]^ It has the potential for clinically feasible dose reduction with better image quality than conventional ASIR, as well as a shorter image processing time than that of MBIR. Therefore, ASIR-V can be considered conceptually as "augmented ASIR based on MBIR" or "modified MBIR."^\[[@R16],[@R17]\]^

Conventionally, axial-volume scan with the step and shoot technique has been introduced in pediatric chest CT or coronary angiography CT that can be scanned using a single rotation with a dose reduction by 18% to 40%.^\[[@R18]--[@R21]\]^ However, there are limited clinical studies using axial-volume scan for larger *z*-axis coverage.^\[[@R22]--[@R24]\]^ A chest phantom study by Seki et al^\[[@R25]\]^ showed that axial-volume scan was not significantly different from 64-helical scan for nodule identification, besides radiation dose with axial-volume scan was slightly higher than that with helical scan. Although previous study by Doo et al^\[[@R26]\]^ assessed the effect of scan type (axial-volume scan vs helical scan) on nodule volumetry, they did not perform precise pairwise comparisons of volumetric measurement and radiation dose between each scan type.

Therefore, the purpose of this study was to evaluate the influence of axial-volume scan, radiation dose settings, and the novel advanced IR, ASIR-V, on accuracy of pulmonary nodule volumetry.

2. Materials and methods
========================

Ethical approval was not necessary because of a phantom study.

2.1. Phantom
------------

A commercially available anthropomorphic chest phantom, multipurpose chest phantom N1 "Lungman" (Kyoto Kagaku Inc., Japan), was used in this study. The phantom measures 43 × 40 × 48 cm in width, length, and height and consists of simulated vascular structures, mediastinum, spine, ribs, and abdomen block. The phantom is filled with air instead of a structure mimicking lung parenchyma, and is made of polyurethane (soft tissue) and epoxy resin (artificial bone). Spherical simulated pulmonary nodules with different diameters and attenuations (diameter 5, 8, 10, 12 mm; attenuation +100 HU, −630 HU for each diameter), were manually attached to the simulated pulmonary vessels of the phantom using double-sided tape.

2.2. CT acquisition and iterative reconstruction
------------------------------------------------

All CT scans were performed using a 256-row detector CT (Revolution CT, GE Healthcare, Milwaukee, WI). The phantom was scanned using a voltage of 120 kVp, and a tube current-time product of 10, 20, 30, 100 mAs. The phantom was scanned with both helical and axial-volume scan modes at each of the 4 radiation dose settings. The following parameters were the same for helical and axial-volume scans: detector collimation, 256 × 0.625 mm; gantry rotation time, 0.5 seconds, field of view, 350 mm; matrix size, 512 × 512 pixels; and scan length, 31 cm. The pitch factor was 0.992 for helical scan; and beam collimation was 128 × 0.625 mm for helical scan, and 256 × 0.625 mm for axial-volume scan. The axial-volume scan was obtained with 2 gantry rotations using Smart Coverage software which can automatically select the optimal number of rotation according to the given scan length. All raw CT data were reconstructed with a slice thickness of 1.25 mm and an increment of 1.25 mm with standard kernel. Subsequently, 8 CT scans with different scan mode and tube current-time product were reconstructed with FBP, 30% of ASIR-V, and 50% ASIR-V algorithms.

2.3. Nodule volumetry measurement with automatic software
---------------------------------------------------------

Two radiologists (JIK and HNL with 9 and 4 years' experience in chest radiology) independently performed automated volumetric measurement of simulated nodules on each CT scan. One radiologist (HNL) repeatedly performed automated volumetric measurement at an interval of 6 weeks. The readers were blinded to information about CT parameters, and reference size and attenuation of the nodules. All measurements were performed using a commercially available automated volumetry software package (Lung VCAR, version 13.0, GE Healthcare, Milwaukee, WI). By manually placing the center point on the target nodule, the software automatically performed 3D rendering and quantified the volume by automatic selection of a built-in segmentation algorithm that matches the nodule\'s density and surrounding structure (Fig. [1](#F1){ref-type="fig"}). We calculated the absolute percentage volume error (APE) with the following equation: (Vn-Vrf)/Vrf, where Vn is the measured nodule volume and Vrf is the corresponding reference nodule volume.

![Representative images of volumetric measurement of the nodule (12-mm diameter and −630 HU density) acquired at 120 kVp and 10 mAs using axial-volume scan mode. (A--C) After manual placement of center point on the target nodule (arrows), automatic nodule segmentation is shown on the axial (A), coronal (B), and sagittal (C) images. (D) Three-dimensional volume rendering image shows successfully extracted the nodule volume (arrowhead).](medi-99-e20543-g001){#F1}

2.4. Objective image quality assessment
---------------------------------------

Image noise was assessed by measuring the standard deviation (SD) of a region of interest (ROI) at 3 different locations on a workstation (AW version 3.2; GE Healthcare), by 1 radiologist (HNL). Two ROIs were placed in the 2 simulated lung fields (right anteromedial lung near the mediastinum and left posterolateral lung near the chest wall at the level of carina), and 1 ROI was placed in the air outside the chest phantom (3 cm away from the middle anterior chest wall at the level of the heart) at exactly the same location on each image.^\[[@R27]\]^ The 3 SD values were averaged to calculate image noise of each scan. The area of ROIs was 185.3 mm^2^

Contrast-to-noise ratio (CNR) and signal-to-noise ratio (SNR) were calculated using the following equations: CNR = (attenuation of the nodule − attenuation of the background lung field)/SD of the background lung field; and SNR = \|attenuation of the nodule\|/SD of the nodule. CNR and SNR were calculated in the nodule of −630 HU, 12 mm. The area of ROIs placed on the nodule and the background was 74.2 mm^2^. Simulated vessels were carefully avoided as much as possible, when ROIs were placed.

2.5. Statistical analysis
-------------------------

APE was compared between helical and axial-volume scans using the adjusted Wilcoxon signed-rank test to account for clustering effect.^\[[@R28]\]^ A generalized estimating equations (GEE) models with an exchangeable correlation were used to evaluate the association between ASIR-V levels and measured APE both in helical and axial-volume scan, considering clustered imaging data set of 8 nodules.

A GEE model was also used to evaluate influencing factors on APE using different scan modes (helical and axial-volume), radiation dose settings (10, 20, 30 and 100 mAs), reconstruction algorithms (FBP, ASIR-V 30% and ASIR-V 50%), nodule type (solid and ground glass nodules \[GGNs\]) and nodule size (smaller nodules ≤8 mm; and larger nodules \>8 mm). The final GEE model was run with the statistically significant main-effects terms and the interaction terms.

For the objective images of noise, CNR, and SNR, the Wilcoxon signed-rank test was used to compare the effects between helical and axial-volume scans at each reconstruction algorithm (FBP, ASIR-V 30%, and ASIR-V 50%). The Friedman test and the post-hoc Conover test were performed to evaluate differences in image noise, CNR, and SNR among the reconstruction algorithms (FBP, ASIR-V 30%, and ASIR-V 50%).

Bland-Altman analysis was used to evaluate intra- and interobserver agreements within the limit of agreement of mean ± 1.96 SD.^\[[@R29]\]^

Differences with a *P* value of \<0.05 were considered statistically significant. All statistical analyses were performed with statistical software SPSS version 24.0 (SPSS Inc, Chicago, IL), SAS version 9.4 (SAS Institute Inc., Cary, NC), and MedCalc version 18.2.1 (MedCalc Software, Mariakerke, Belgium).

3. Results
==========

3.1. Helical scan vs. axial-volume scan
---------------------------------------

The axial-volume scan showed a dose reduction of 19.7% compared to helical scan at all radiation dose settings (Table [1](#T1){ref-type="table"}). There was no significant difference in accuracy of volumetric measurement of nodules between helical and axial-volume scans regardless of the reconstruction algorithms and radiation dose settings used (*P* = .375)
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Radiation dose protocols and dose reduction in axial-volume scan.

![](medi-99-e20543-g002)

Image noise of the axial-volume scan was slightly higher (16.7%∼18.8%) than that of the helical scan with all reconstruction algorithms (FBP: 20.2 ± 6.4 vs 17.0 ± 5.9; ASIR-V 30%: 16.8 ± 5.5 vs 14.4 ± 5.2; and ASIR-V 50%: 14.6 ± 5.0 vs 12.5 ± 4.7) (Fig. [2](#F2){ref-type="fig"}A). Higher noise level in axial-volume scan was accompanied by a decrease in the mean CNR (FBP: 21.5 ± 20.3 vs 23.4 ± 7.8; ASIR-V 30%: 26.0 ± 13.0 vs 28.3 ± 9.0; and ASIR-V 50%: 30.6 ± 15.2 vs. 33.0 ± 10.3) and the mean SNR (FBP: 31.0 ± 14.5 vs. 33.4 ± 15.2; ASIR-V 30%: 38.3 ± 17.7 vs 14.0 ± 18.3; and ASIR-V 50%: 45.2 ± 20.6 vs 48.3 ± 21.3) compared to that in helical scan (Fig. [2](#F2){ref-type="fig"}B and [2](#F2){ref-type="fig"}C). However, the differences in noise, CNR, and SNR between the two scan modes were not statistically significant (all *P* \> .05).

![Objective image noise, contrast-to-noise ratio (CNR) and signal-to-noise ratio (SNR) according to different scan modes, iterative reconstructions, and radiation dose settings. (A) In each reconstruction algorithm, image noise was slightly higher in axial-volume scan than in helical scan (right column) (*P* \> .05). In both helical and axial-volume scan, noise values were lower in ASIR-V 50% than in other reconstruction algorithms (*P* = .018). (B, C) Significant differences in CNR (B) and SNR (C) were not observed between helical and axial-volume scan (p \> 0.05). Both CNR and SNR were higher in ASIR-V 50% than in other reconstruction algorithms (all, *P* = .018). FBP = filtered back projection, ASIR-V = adaptive statistical iterative reconstruction V.](medi-99-e20543-g003){#F2}

3.2. ASIR-V: nodule volumetry and image quality
-----------------------------------------------

Figure [3](#F3){ref-type="fig"} shows the results of comparison of the APE according to reconstruction algorithms at each radiation dose settings. The mean APEs for FBP, ASIR-V 30%, or ASIR-V 50% were 8.5% ± 5.4%, 8.4% ± 5.9%, and 9.4% ± 6.1%, respectively, in helical scan. In axial-volume scan, the mean APEs for FBP, ASIR-V 30%, or ASIR-V 50% were 7.6% ± 5.5%, 7.4% ± 5.4%, and 6.6% ± 4.7%, respectively. ASIR-V levels did not significantly associat with APE, both in helical (*P* = .530) and axial-volume (*P* = .286) scan (Table [2](#T2){ref-type="table"}).

![Absolute percentage volume errors (APE) according to reconstruction algorithm. APE were not dependent on reconstruction algorithms (FBP, ASIR-V 30% or ASIR-V 50%), both in helical (A) and axial-volume scan (B). ASIR-V = adaptive statistical iterative reconstruction V, IR = iterative reconstruction, FBP = filtered back projection.](medi-99-e20543-g004){#F3}
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Absolute percentage volume error by different scan mode and reconstruction algorithm.
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In helical scan, mean image noise was lower by 26.1% (12.53 vs 16.95) for ASIR-V 50% and by 15.2% (14.37 vs 16.95) for ASIR-V 30% compared to FBP. Mean CNR improved by 40.7% (32.97 vs 23.44) for ASIR-V 50%, and 20.5% (28.25 vs 23.44) for ASIR-V 30% versus FBP. Mean SNR improved by 44.5% (48.29 vs 33.43) for ASIR-V 50% and 22.8% (41.04 vs 33.43) for ASIR-V 30% versus FBP. Differences in noise, CNR, and SNR among the 3 reconstruction algorithms were statistically significant (all, *P* = 0.018). All pairwise comparisons of noise, CNR, and SNR between reconstruction algorithms demonstrated significant differences in the post-hoc analyses (all, *P* \< 0.05) (Fig. [2](#F2){ref-type="fig"}).

In axial-volume scan, mean noise reduction was 27.7% (14.63 vs 20.23) for ASIR-V 50% and 17.2% (16.76 vs 20.23) for ASIR-V 30% compared with FBP. Mean improvement in CNR was 42.5% (30.57 vs 21.46) for ASIR-V 50%, and 21.4% (26.05 vs 21.46) for ASIR-V 30%. Mean improvement in SNR was 45.7% (45.18 vs 31.01) for ASIR-V 50% and 23.5% (38.29 vs 31.01) for ASIR-V 30% compared with FBP. In axial-volume scan, there were significant differences in noise, CNR, and SNR among the 3 reconstruction algorithms (all, *P* *=* 0.018). All pairwise comparisons of noise, CNR, and SNR between reconstruction algorithms yielded statistically significant differences in post-hoc analyses (all, *P* \< 0.05) (Fig. [2](#F2){ref-type="fig"}).

3.3. Accuracy of nodule volumetric measurement
----------------------------------------------

In the initial GEE model, radiation dose and reconstruction algorithm were not significantly associated with APE (all, *P* \> 0.05); hence, these were excluded from the final GEE model. None of the interaction terms were significant factors (all, *P* \> 0.05). The final GEE model demonstrated that GGNs (−630 HU, ß = 4.5, *P* \< .001) (simulated GGNs: 10.0% ± 6.5%; simulated solid nodules: 5.9% ± 3.4%), and smaller size (≤8 mm, ß = 4.5, *P* \< .001) (smaller nodules: 10.0% ± 6.5%; larger nodules: 5.9% ± 3.4%) were significantly associated with increased APE. Scan mode showed no significant association with APE in the final GEE model (*P* = .150).

3.4. Intra- and interobserver agreement
---------------------------------------

Interobserver variability in volume measurement ranged from −11.0% to 2.1% (−12.8% to 7.2% for helical scan, and from −14.8% to 2.6% for axial-volume scan). Bland--Altman analysis showed that the intraobserver variability in volume measurement ranged from −7.1% to 5.4% (−15.2% to 4.7% for helical scan and −4.3% to 11.3% for axial-volume scan).

4. Discussion
=============

Our study suggests that automated nodule volumetric measurement is not significantly associated with scan mode, radiation dose setting, or reconstruction algorithm. Axial-volume scan can be applied to low- or ultralow-dose chest CT for volume measurements with preservation of measurement feasibility while considerably reducing radiation dose. A previous study comparing radiation dose between two scan modes in an adult chest phantom has shown that the radiation dose of axial-volume scan with 3 gantry rotations using 320-row detector CT was higher than that of a 64-row detector helical scan.^\[[@R25]\]^ Recently, in a study using 256-row detector CT, Lambert et al reported that the axial-volume scan at short scan lengths was slightly more dose-efficient because the helical overrange represents the predominant additional dose factor; however, the opposite was true at longer scan length because the additional dose contribution from the axial overlaps of axial-volume scan becomes predominant.^\[[@R30]\]^ Vendor difference and the number of axial overlaps according to scan lengths can explain the variation in dose reduction of axial-volume scan reported in previous studies. In this study, axial-volume scan using 256-row detector CT with 2 axial sections achieved a dose reduction of 19.7% compared to helical scan without affecting the accuracy of nodule volumetry.

The increase in the number of axial sections according to longer *z*-axis coverage could not result in significant scan time delay and motion artifacts; however, it results in dislocation and heterogeneity between different axial sections.^\[[@R22],[@R31]\]^ The CT scan parameters such as fast rotation times (∼0.28 seconds), rapid table speeds (∼300 mm/s), and new software algorithm to correct the dislocation between the edge of axial-volume scan may aid in reducing motion artifact and heterogeneity.^\[[@R22],[@R24],[@R30]\]^

A small number of recent investigations, mainly phantom-based, have demonstrated that volumetry derived from IR is at least as accurate as FBP with \<10% differences in volumetry regardless of IR strength.^\[[@R2]\]^ Also in this study, we identified small differences in mean APE between FBP and ASIR-V 30% or ASIR-V 50% in both helical and axial-volume scans. Although IR strength showed no influence on the accuracy of volumetric measurement, objective image quality was significantly improved with increasing degrees of ASIR-V levels. In this study, image noise with ASIR-V 50% was 12.9% lower than that with ASIR-V 30% regardless of scan mode. Furthermore, a recent study reported that the subjective image noise was significantly lower (10%--15%) for ASIR-V than for ASIR.^\[[@R32]\]^ We could not compare ASIR and ASIR-V because our CT vendor can handle only the ASIR-V reconstruction algorithm.

Low contrast between GGNs and lung parenchyma as well as uneven margin of GGNs leads to poorer volumetric measurement compared to that in solid nodules.^\[[@R2],[@R33]\]^ In previous volumetry phantom studies, mean volumetric measurement errors of GGN ranged from 5% to 15%.^\[[@R26],[@R34]--[@R36]\]^ The mean APE, ranging from 7% to 11%, for GGNs (−630 HU) in our study was consistent with results of previous studies and nodule density was significantly associated with volumetric measurement errors. Nodule size is another known crucial factor determining the accuracy and reproducibility of lung nodule volumetry.^\[[@R33]\]^ In a study on nodule volumetry in screening CT, Liang et al^\[[@R11]\]^ reported a marked decrease in measurement variability for nodules \>10 mm in diameter. Likewise, in our study, nodule size was imporntant factor determining accuracy of nodule volumetry, when the size of nodule was divided into 2 categories based on diameter of 8 mm.

Our study has several limitations. First, volumetry was conducted on artificial nodules implanted in a chest phantom. Hence, the variability in nodule number and characteristics such as shape, size, margin, and attenuation of nodules encountered in real patients could not be replicated and this is an unavoidable limitation of phantom study. However, we could focus on the effect of nodule size and nodule attenuation because the other nodule features were controlled. Second, we used single commercial automated volumetry software. Substantial variations in segmentation performance between different software packages have been reported.^\[[@R2]\]^ Hence, our results may not be reproducible using different volumetry software.

In conclusion, axial-volume scan for adult chest CT showed a radiation dose reduction of 19.7% compared to helical scan, while preserving the accuracy of nodule volumetry, regardless of the radiation dose settings and iterative reconstruction algorithm used. New iterative reconstruction of ASIR-V provided significant image quality improvement without affecting volume measurement, compared with FBP.
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